The purpose of this study was to assess whether: 1) very small increases in troponin T, measured by a new highly sensitive cardiac troponin T (hs-cTnT), may reflect ischemia without necrosis; and 2) serial changes can discriminate ischemia from other causes of cardiac troponin T (cTnT) release.
Background
A new hs-cTnT assay offers greater sensitivity than current assays.
Methods
Nineteen patients referred for diagnostic catheterization underwent cannulation of the coronary sinus (CS). Serial CS and peripheral plasma samples were obtained at multiple time points during and after incremental rapid atrial pacing. cTnT was quantified using both a standard and a pre-commercial highly sensitive assay. Ischemia was determined by the presence of significant coronary artery disease (CAD) and myocardial lactate release with pacing.
Results
cTnT concentrations in CS blood increased from a median of 6.8 pg/ml prior to pacing to 15.6 pg/ml 60 min after termination of rapid atrial pacing (p Ͻ 0.0001), changes that were mirrored at 180 min in peripheral blood (5.1 to 11.8 pg/ml, p Ͻ 0.0001). Although peripheral cTnT concentrations tended to be higher at 180 min following pacing for patients with CAD and lactate elution (n ϭ 7) when compared with those without either marker (n ϭ 5) (25.0 pg/ml vs. 10.2 pg/ml, p ϭ 0.10), relative (1.7-fold vs. 5.2-fold) and absolute (6.8 pg/ml vs. 8.8 pg/ml, p ϭ 0.50) changes were not different between groups.
Conclusions
Brief periods of ischemia, without frank infarction, cause low-level cTnT release, and small increases are common after periods of increased myocardial work, even among patients without objective evidence of myocardial ischemia or obstructive CAD. Additional research is needed before hs-cTnT assays are widely adopted in the management of subjects with chest pain syndromes. Cardiac troponin I and T are currently the preferred biomarkers for the detection of myocardial infarction (1, 2) , having supplanted older biomarkers, such as creatine kinase (CK) and its MB fraction, due to superior sensitivity and specificity. Furthermore, troponin concentrations provide powerful prognostic information across a spectrum of disease states, even at the lower limit of detection of current assays (3) (4) (5) (6) .
Given the important information that is provided by the detection of low levels of troponin, interest has focused on using higher sensitivity assays to detect even lower concentrations of this biomarker. Recently, a highly sensitive cardiac troponin T (hs-cTnT) has been shown to have favorable test characteristics compared with traditional less sensitive assays (7, 8) . Moreover, measurable troponin concentrations with these highly sensitive assays, below the detection range of standard assays, independently associate with an adverse prognosis in patients with acute coronary syndromes (9), chronic coronary artery disease (CAD) (10) , and chronic heart failure (11) .
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Although troponin elevation above thresholds of detection using current generation assays has become synonymous with "myonecrosis," it is less clear whether low levels of troponin detected with assays that are more sensitive may result from ischemia without necrosis. Moreover, although it has been recommended that dynamic changes in troponin concentrations over short periods of time may be useful for distinguishing ischemia from other causes of troponin elevation (12) , few data are available to support this recommendation. To address these questions, we sought: 1) to quantify myocardial release of cardiac troponin T (cTnT) using a new highly sensitive assay during induced ischemia in a controlled human model; and 2) to correlate troponin release with objective indicators of ischemia.
Methods

Patient population.
Consecutive patients with stable angina referred for coronary angiography at Parkland Memorial Hospital from November 2002 through April 2004, were approached for enrollment in this study. Those with valvular disease, atrial fibrillation, previous coronary artery bypass graft surgery, a history of heart failure, acute coronary syndrome (ACS), or baseline left bundle branch block were excluded. The protocol was approved by the University of Texas Southwestern Institutional Review Board, and all subjects provided written informed consent.
Study protocol. All patients had beta-blockers and nitrates held for Ն24 h before catheterization. A baseline electrocardiogram was recorded in all patients. A 6-F arterial cannula was placed in the brachial or femoral artery. A 7-F Zucker catheter was advance to the coronary sinus (CS) from a brachial vein, and its position was confirmed by fluoroscopy and oximetry. A baseline set of peripheral arterial and CS blood samples were obtained. Following the acquisition of baseline blood samples, the atrium was paced at 20 beats/min above the resting heart rate, and the pacing rate was increased by 20 beats/min every 3 min until the patient developed: 1) angina-like chest pain; or 2) a target heart rate of 160 beats/min. Atropine (0.5 to 1 mg) was administered as needed if atrioventricular block developed. A 12-lead electrocardiogram and a matched set of arterial and CS blood samples were obtained at this peak heart rate. Additional paired CS and arterial blood samples were obtained at 30 and 60 min following cessation of pacing, after which the CS catheter was removed. Coronary angiography was then performed to define coronary anatomy. Additional samples of peripheral blood were obtained at 180 and 360 min following cessation of pacing. The study schema is depicted in Figure 1 . Biomarker assessment. Blood samples were collected into ethylenediaminetetraacetic acid (EDTA) and serum separator tubes and placed in an iced saline bath until processing occurred, which was within 1 h of collection. Samples were centrifuged, after which the plasma and serum components were removed by pipette, aliquoted into plastic storage tubes, and stored at Ϫ70°C until assays were performed. Plasma samples underwent a single thaw cycle for all measurements. Concentrations of troponin T were determined using both a conventional fourth-generation assay (Elecsys cTnT, Roche Diagnostics, Indianapolis, Indiana) and a pre-commercial highly sensitive assay (Elecsys-2010 Troponin T hs STAT, also from Roche Diagnostics). The Turer et al. June 14, 2011 June 14, :2398 Troponin T Release After Rapid Pacing lower limit of detection of the traditional assay is 0.01 ng/ml, whereas that of the hs-cTnT assay is 0.003 ng/ml (3 pg/ml). Based on the manufacturer's data from Ͼ1,300 normal subjects, the 99th percentile for the upper limit of normal was reported to be 14 pg/ml for the hs-cTnT assay. Assessment of myocardial ischemia. Lactate concentrations were quantified using mass spectrometric methods, as previously described (13) . Under normal aerobic conditions, the heart is a net consumer of lactate. During ischemia, areas of ischemic myocardium elute lactate from the anaerobic metabolism of pyruvate. As previously reported (14 -16), net myocardial lactate elution was defined as: (arterial lactate concentration) Ϫ (coronary sinus lactate concentration) Ͻ0. The presence of CAD was defined as Ն75% luminal diameter narrowing of at least 1 major epicardial coronary artery.
Patients were categorized into 1 of 3 groups reflecting the strength of evidence to support pacing-induced ischemia: 1) no significant CAD and no net lactate elution after Since cTnT values were non-normally distributed following pacing, we report values as median (25th, 75th percentile) and use nonparametric statistical methods for comparison. Between-group comparisons were performed using the Wilcoxon signed rank test. Within-group changes in cTnT values over time were assessed by Friedman's chi-square test. For cTnT values Ͻ3.0 pg/ml, we assumed a value of 1.5 pg/ml for representation purposes. Because of missing data from 8 patients at the final (360-min) time point, statistical analysis for peripheral biomarker release was instead performed on the 180-min time point. No adjustments for multiple comparisons were made. Statistical significance was defined as a value of p Ͻ 0.05. All analyses were performed using SAS version 9.2 (SAS Institute, Cary, North Carolina).
Results
Clinical characteristics. The baseline clinical characteristics of the 19 subjects are presented in Table 1 . The mean peak heart rate with pacing was 146 Ϯ 16 beats/min, with an average rate-pressure product of 21,458 Ϯ 4,216 mm Hg·beat/min. With pacing, 37% of subjects had net myocardial lactate elution. The median transcoronary lactate extraction was 0.36 (Ϫ0.05, 0.83) U at baseline and 0.25 (Ϫ0.25, 0.99) U at peak heart rate. ST-segment depression developed in 47% of patients at peak pacing.
On subsequent angiography, 14 of 19 (84%) patients were found to have significant CAD. Nine of these 14 (64%) had single-vessel disease, most often involving the left anterior descending coronary artery. Pacing and angiographic data are displayed in Table 2 . Transcoronary elution of cTnT in response to pacing stress. Median CS and peripheral blood concentrations of cTnT (as measured by the hs-cTnT assay) for the entire study population are shown in Figure 2 . cTnT concentra- Values are mean Ϯ SD, n (%), or median (25th, 75th percentile). *Withheld for Ն24 h prior to procedure. ACE ϭ angiotensin-converting enzyme; ARB ϭ angiotensin receptor blocker; CAD ϭ coronary artery disease; LVEF ϭ left ventricular ejection fraction.
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tions increased in CS blood by 5.8 pg/ml within the first 60 min following pacing. This was subsequently mirrored in the peripheral blood with an appropriate time delay due to the CS elution. The median increase in cTnT concentration from peripheral blood was 6.8 pg/ml 180 min after pacing. CS and peripheral cTnT levels stratified by ischemic subgroupings. Figure 3 Values are n (%) or mean Ϯ SD. CAD ϭ coronary artery disease; LAD ϭ left anterior descending coronary artery; LCx ϭ left circumflex coronary artery; NA ϭ not applicable; RCA ϭ right coronary artery.
Figure 2 Median Levels of cTnT Measured by the hs-cTnT Assay in the CS and in Peripheral Blood in the Entire Study Population
An early rise in cardiac troponin T (cTnT) was observed in response to rapid pacing, which was eventually mirrored in the peripheral blood. The p values refer to changes in biomarker levels across time points for both coronary sinus (CS) and peripheral samples. hs-cTnT ϭ highly sensitive cardiac troponin T.
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Median concentrations of cTnT measured from the peripheral blood using the hs-cTnT assay, stratified by ischemic subgroup, are shown in Figure 4 . Significant increases in cTnT were seen over time for each subgroup in response to pacing. Similar to the results for the CS baseline concentrations of cTnT were higher for patients in the CAD ϩ /lactate ϩ subgroup compared with the CAD Ϫ / lactate Ϫ subgroup (9.3 pg/ml vs. 1.5 pg/ml, p ϭ 0.008). The differences in peripheral blood cTnT levels between these 2 subgroups remained statistically significant at later time points (30 and 60 min), and a trend toward higher cTnT levels remained after 180 min in the CAD ϩ /lactate ϩ subgroup compared with the CAD Ϫ /lactate Ϫ subgroup (25.0 pg/ml vs. 10.2 pg/ml, p ϭ 0.10).
As shown in Table 3 , the median absolute increase in peripheral cTnT concentrations from baseline to 180 min after pacing for the entire cohort was 6.8 pg/ml. When stratified by indicators of ischemia, absolute changes in cTnT were similar in the CAD Ϫ /lactate Ϫ group (6.8 pg/ml) as compared with the CAD ϩ /lactate ϩ (8.8 pg/ml, p ϭ 0.5) or CAD ϩ /lactate Ϫ (5.4 pg/ml, p ϭ 0.94) groups. Doubling or even tripling of cTnT values from baseline to 180 min following pacing stress was frequently observed in all the groups. Notably, the majority of patients in the CAD Ϫ /lactate Ϫ subgroup demonstrated significant relative increases in cTnT values; however, despite the large relative increase in cTnT in this group, (median 5.2-fold increase) the peak value of cTnT did not exceed the upper limit of the normal range for the assay (Ͼ14 pg/ml) in any of the 5 patients. Correlation between conventional cTnT and hs-cTnT assays. No patient had elevation in cTnT level at baseline detected using the conventional cTnT assay. Following the pacing-stress protocol, cTnT became detectable in peripheral plasma in 2 of the 19 patients by the conventional assay, both of whom had CAD on subsequent angiography. This contrasts with the highly sensitive assay: when using the previously established 99th percentile for the normal range, elevated cTnT levels (Ն14 pg/ml) were detected in peripheral blood with the hs-cTnT assay in 3 of the 19 patients at baseline and 7 of the 19 at 180 min post-pacing. All 7 of these patients had CAD.
Discussion
New highly sensitive troponin assays have demonstrated the ability to detect otherwise subclinical evidence of cardiac injury and to provide clinicians with additional prognostic information compared with standard assays (9 -11) . However, the improved sensitivity of these assays may come with the disadvantage of decreased specificity. Since cardiac troponins T and I are not found in skeletal muscle, their release into the bloodstream is thought to be indicative of myocyte necrosis. Theoretically, these properties should mitigate against problems with specificity. We undertook this analysis to address the question of whether small increases in cTnT could be detected by the highly sensitive assay, either in the peripheral circulation or directly eluted from the heart, in response to brief hemodynamic stress (i.e., without frank infarction) and whether this biomarker release was specific to those subjects who manifested angiographic or biochemical evidence of cardiac ischemia.
At baseline, cTnT levels varied considerably among the study population, and were significantly higher among patients with compared to those without CAD. This finding is consistent with previous reports that detection of low-level cTnT release is extremely common among patients with chronic CAD using the highly sensitive cTnT assay (10) . For the first hour following pacing, a clear release of cTnT into the CS, as detected by the highly sensitive assay, was noted. This was eventually mirrored in the peripheral plasma. Only rarely was troponin release detected with standard cTnT assays following pacing-stress.
Following pacing, CS and peripheral concentrations of troponin T detected by the highly sensitive assay were noted to increase both in patients with and those without biochemical or angiographic correlates of coronary ischemia. Therefore, a significant proportion of patients without markers of ischemia (e.g., those with no angiographic CAD and no evidence of ischemia by lactate elution) still had large relative increases in their cTnT levels. This finding has important clinical implications for the proposed use of serial changes in cTnT concentrations (e.g., recent European Society of Cardiology recommendations) (17) to help determine whether troponin increases are caused by acute processes, such as myocardial ischemia (18), or rather reflect chronic elevations from underlying structural heart disease, Absolute and Relative Changes in Plasma cTnT Levels in Peripheral Blood Values are median (25th, 75th percentile) or n/N (%). Changes are as measured by the highly sensitive cardiac troponin T (hs-cTnT) assay, from baseline to 180 min following pacing-induced stress among the entire cohort and when stratified by presence of coronary artery disease (CAD) and lactate release. Turer et al. June 14, 2011 June 14, :2398 Troponin T Release After Rapid Pacing renal insufficiency, or other processes (19) . Our findings suggest that assessment of serial relative change may not solve the "specificity problem" of the hs-cTnT assays. For example, 3 of our 5 patients without CAD had a tripling of their baseline cTnT levels with pacing, which was similar to the proportion seen in patients with CAD. It is important to note, however, that for these patients with a large relative increase, the absolute cTnT value remained below the proposed myocardial infarction diagnostic threshold for this assay (Ն14 pg/ml). Thus, it remains possible that optimal strategies for interpreting serial troponin T values with the hs-cTnT assay may require integration of absolute levels and relative change. Our study is not large enough to address this possibility. Recently, circulating levels of troponin I (using a new highly sensitive assay) were demonstrated to increase after exercise stress proportionate to the degree of ischemia found on nuclear imaging (20) . Here, we demonstrate increasing levels of troponin T following a pacing-induced stress that caused a significant increase in the rate-pressure product. Taken together, these studies challenge the traditional interpretation of cardiac troponin release in the context of a "threshold" effect, where the appearance of troponin has been considered synonymous with myonecrosis. These findings suggest that cardiac biomarker release may perhaps be viewed more accurately as occurring on a continuum from ischemia to infarction. This notion of gradations of myocardial work resulting in biomarker release is consistent with the previous finding of detectable troponin concentrations among healthy athletes following high-endurance exercise, for example, marathons, without evidence of scar by cardiac magnetic resonance imaging (21-23). Although we cannot exclude the possibility that pacing resulted in microscopic infarction, the overall duration of pacing stress was short and not greater than the level of stress that would be expected with moderate brief exercise. Our results demonstrate that the heart may commonly release troponin T when subjected to conditions of only moderate cardiac stress, even in the absence of underlying CAD or apparent ischemia. Further, this process occurs early following stress (i.e., detectable within 30 min from the CS effluent). Study limitations. The major limitation of this study is the relatively small sample size, which results from the complexity and length of the protocol. This increases the likelihood of a type II error, particularly given the heterogeneity of interindividual responses to pacing. The second limitation relates to our clinical classification of cardiac ischemia. Although myocardial lactate elution is thought to be a highly specific marker of cardiac ischemia, it is relatively insensitive because: 1) precise quantification requires concomitant assessment of CS flow, which is difficult to measure except during open heart surgery; and 2) some ischemic myocardial segments may be too small to induce a net-negative lactate gradient once integrated with the remainder of the CS effluent from areas of tissue that are not ischemic. For this reason, we also reported the intermediate group of patients who had CAD but no pacing-induced lactate elution. In this group, we could not exclude the presence of ischemia. We chose not to incorporate either ST-segment depression or chest pain into our classification, as they may be seen as an artifact of rapid pacing/tachycardia and hence lack sensitivity and specificity for diagnosing cardiac ischemia in this context (16,24 -26) . Finally, we did not include a control group that did not undergo pacing, and thus cannot completely exclude cardiac injury caused by placement of the pacing catheter as a source for troponin release.
Conclusions
Troponin T release in response to pacing-induced stress can be detected below the threshold of detection of a conventional assay. Significant absolute and relative increases of troponin T as measured by the highly sensitive assay were noted even among patients without biochemical evidence of ischemia or significant CAD. The implications of these findings as more sensitive troponin assays become commercially available are: 1) cTnT may be released in response to brief periods of ischemia, without frank infarction; 2) small increases in cTnT may be expected following periods of increased myocardial work, even among patients without clinical signs of myocardial ischemia or obstructive coronary artery disease; and 3) assessment of dynamic changes in cTnT, particularly below the threshold for myocardial infarction definition, may not accurately discriminate increases in cTnT caused by myocardial ischemia from other causes of troponin release. These findings suggest that additional research is needed before highly sensitive troponin assays are widely adopted into clinical practice in the management of subjects with chest pain syndromes.
